Activation of the G protein-coupled receptor (GPCR) rhodopsin is initiated by light-induced isomerization of the retinal ligand, which triggers 2 protonation switches in the conformational transition to the active receptor state Meta II. The first switch involves disruption of an interhelical salt bridge by internal proton transfer from the retinal protonated Schiff base (PSB) to its counterion, Glu-113, in the transmembrane domain. The second switch consists of uptake of a proton from the solvent by Glu-134 of the conserved E(D)RY motif at the cytoplasmic terminus of helix 3, leading to pH-dependent receptor activation. By using a combination of UV-visible and FTIR spectroscopy, we study the activation mechanism of rhodopsin in different membrane environments and show that these 2 protonation switches become partially uncoupled at physiological temperature. This partial uncoupling leads to Ϸ50% population of an entropy-stabilized Meta II state in which the interhelical PSB salt bridge is broken and activating helix movements have taken place but in which Glu-134 remains unprotonated. This partial activation is converted to full activation only by coupling to the pH-dependent protonation of Glu-134 from the solvent, which stabilizes the active receptor conformation by lowering its enthalpy. In a membrane environment, protonation of Glu-134 is therefore a thermodynamic rather than a structural prerequisite for activating helix movements. In light of the conservation of the E(D)RY motif in rhodopsin-like GPCRs, protonation of this carboxylate also may serve a similar function in signal transduction of other members of this receptor family.
G
protein-coupled receptors (GPCRs) are 7-helical transmembrane proteins that exist in conformational equilibria between inactive and active conformations modulated by the binding of ligands (1) . In the case of rhodopsin as a visual pigment, the ligand is the retinal chromophore, which is covalently linked to a lysine on transmembrane helix H7 by a protonated Schiff base (PSB) (2) . The 11-cis retinal chromophore of the dark state is an inactivating inverse agonist that is converted by photoisomerization to the all-trans agonist, driving the conformational transitions leading to receptor activation. Within milliseconds several inactive intermediates are formed, such as Batho, BSI, Lumi, and Meta I, that can be examined by using time-resolved (3) or cryotrapping techniques (4) . The early transitions involve mainly a relaxation of the isomerized retinal chromophore (5, 6) , with only minor changes to the ␣-helix bundle of the receptor protein as revealed by electron crystallography of the Meta I state (7) . Only in the transition from Meta I to the active receptor conformation Meta II is a rearrangement of the helix bundle observed, involving tilt movements of H6 (8) (9) (10) and presumably also of H5 (11) .
Activation of the receptor is proposed to involve 2 distinct protonation switches (Fig. 1A) . The first switch entails disruption of a salt bridge between the retinal PSB on H7 and its complex counterion, consisting of Glu-113 on H3 and Glu-181 on extracellular loop 2 in the transmembrane part of the receptor (12) , by deprotonation of the PSB and internal proton transfer to Glu-113 (13) . The second switch is proton uptake by Glu-134 of the conserved E(D)RY motif at the cytoplasmic terminus of H3 (14) , forming a salt bridge with Arg-135 that is part of an interhelical network between H3 and H6 in the cytoplasmic domain. Protonation of Glu-134 in Meta II from the solvent has been shown recently by FTIR spectroscopy (15) . This second protonation switch leads to the anomalous pH-dependence of the Meta I/Meta II conformational equilibrium, favoring deprotonation of the PSB and the transition to active Meta II at acidic pH (16, 17) .
By using rhodopsin purified in flexible detergents such as dodecyl maltoside, Hofmann and coworkers (14, 18) showed by kinetic UV-visible spectrophotometry and proton-uptake experiments that the transition from Meta I to Meta II proceeds in a sequential manner, with Schiff base deprotonation preceding the cytoplasmic proton uptake reaction, resulting in multiple Meta II states. Hubbell and collaborators (19) recently extended this scheme by using time-resolved EPR spectroscopy of spinlabeled detergent-solubilized rhodopsin, revealing that Meta II a converts to Meta II b by movement of H6, and to Meta II b H ϩ by the cytoplasmic proton uptake (Fig. 1B) . Notably, the activating helix movements in the transition to Meta II b take place independently of pH and, hence, the proton uptake step under these conditions. This behavior differs considerably from the classical anomalous pH dependence of the Meta I/Meta II equilibrium in native membranes (16, 17) , reflecting a substantial perturbation of the energetics of the metarhodopsin equilibrium induced by the detergent. Alternative models include a branched scheme where early intermediates with a protonated or deprotonated Schiff base evolve in a parallel manner on the time scale of Lumi decay (20) .
Here, we develop a comprehensive thermodynamic model that allows the description of rhodopsin activation in both detergent and membrane environments within a single conceptual framework. We start from the extended scheme derived for rhodopsin in detergent (Fig. 1B) (18, 19) and treat the transition from Meta I to Meta II b H ϩ as a set of coupled equilibria with corresponding thermodynamic parameters. For native membranes, this reaction scheme reproduces the classical Henderson-Hasselbalch-like equilibrium between Meta I and Meta II b H ϩ at lower temperatures. At higher temperatures, more complex titration curves are predicted with non-zero alkaline endpoints, reflecting in particular a significant population of the entropy-stabilized Meta II b state. The validity of this framework is tested and verified experimentally by using a combination of UV-visible and FTIR spectroscopy of rhodopsin in native and synthetic membranes, by which deprotonation of the PSB and activating conformational changes of the helix bundle can be accessed separately. These data are used to define the function of the second switch, protonation of Glu-134, which is shown to be a thermodynamic prerequisite to achieving full receptor activation in a membrane environment.
Results
Thermodynamic Model of Receptor Activation. Starting from the extended model shown in Fig. 1B (18, 19) , we first derive a titration scheme involving the different photoproduct species. At very alkaline pH, where the proton uptake by Glu-134 and, hence, formation of Meta II b H ϩ is absent, the extended reaction scheme is reduced to Meta I, Meta II a , and Meta II b , which form a set of 2 coupled, pH-independent equilibria. At lower pH, these intrinsically pH-independent equilibria are coupled to the pH-dependent equilibrium with Meta II b H ϩ , resulting in the complex titration behavior shown in Fig. 1C .
Previous studies of the activation of rhodopsin analogues in membranes have suggested that disruption of the PSB salt bridge as the first protonation switch involves a relatively large unfavorable enthalpy change ⌬H°, which is only partially offset by a favorable positive entropy change T⌬S° (21, 22) . The resulting free energy change ⌬G°ϭ ⌬H°Ϫ T⌬S°for the first switch is compensated by the favorable ⌬H°of the second switch, protonation of Glu-134, such that the transition to Meta II is strictly coupled to cytoplasmic proton uptake. At lower temperature, this coupling therefore reduces the extended scheme to the classical 2-state equilibrium between Meta I and Meta II b H ϩ (Fig. 1D) . At higher temperature, because of the explicit temperature dependence of the entropic contribution to the freeenergy change, triggering of the first switch should become favorable and, thus, independent of the second switch. With increasing temperature, we would therefore expect the classical 2-state equilibrium of Fig. 1D to evolve into the full 4-state equilibrium depicted in Fig. 1C .
Schiff Base Deprotonation in the Meta I/Meta II Equilibria in Native
Membranes. By using UV-visible spectrophotometry, the protonation state of the Schiff base in the photoproducts can be determined as can the concentration of the Meta II states. The Meta I photoproduct with PSB absorbs at 485 nm, whereas the Meta II states with deprotonated Schiff base absorb at 380 nm ( Fig. 2 A and B) . The contribution of Meta II states with deprotonated Schiff base, ⍜ UV-vis , to the photoproduct equilibrium can be monitored in the photoproduct minus dark state difference spectra in Fig. 2C by decomposing them into a linear combination of difference spectra corresponding to the transitions to pure Meta I and Meta II states. At 10°C, the resulting titration curve follows closely a regular Henderson-Hasselbalch function ⍜ UV-vis ϭ 10 pKaϪpH /(1 ϩ 10 pKaϪpH ) with acidic and alkaline endpoints at 1 and 0, respectively, reflecting the classical 2-state equilibrium between Meta I and Meta II b H ϩ (Fig. 2E , green curve).
However, in the temperature range from 20 to 37°C, the 380-nm absorption of Meta II persists even at very alkaline pH (Fig. 2D) , and the titration curves follow the modified phenomdependent equilibrium with Meta IIbH ϩ at lower pH, reflecting proton uptake by Glu-134 from the solvent. (D) Because Meta II a and Meta IIb are populated only at higher temperature, this 4-state scheme reduces to the classical 2-state Meta I/Meta II bH ϩ scheme at lower temperature. Previous studies (14, 18, 19) have proposed a sequential reaction scheme of coupled equilibria of photoproduct states for rhodopsin activation in a detergent environment, involving PSB deprotonation in the transition to Meta II a, activating helix movements in the transition to Meta II b, and cytoplasmic proton uptake by Glu-134 in the transition to Meta II bH ϩ . (The terms inactive and active are used to describe the receptor conformations before and after helix movements, respectively, and do not necessarily specify activity toward G protein.) (C) This reaction scheme predicts a complex titration behavior of photoproducts in a membrane environment, with Meta I, Meta II a, and Meta IIb forming an equilibrium at alkaline pH. This intrinsically pH-independent equilibrium is coupled to a pH-
pKaϪpH )/(1 ϩ 10 pKaϪpH ), with non-zero values for ⍜ UV-vis alk , the alkaline endpoint values of the titration curves (Fig. 2E ). In the scheme depicted in Fig. 1C , ⍜ UV-vis corresponds to the blue line and the alkaline endpoint value ⍜ UV-vis alk is determined by the combined contributions of Meta II a and Meta II b to the photoproduct equilibrium [see supporting information (SI) Appendix, text].
As our experiments involved a combination of elevated temperature and extremely alkaline pH values, photoproduct stability needed to be controlled carefully. We minimized the sampling time after photolysis in both UV-visible spectroscopy and FTIR experiments (see Materials and Methods) by using a 100-ms photolysis pulse followed by time-resolved spectral acquisition over 240-ms intervals. Consecutively recorded spectra verified the photoproduct stability in the initial spectra obtained immediately after photolysis and allowed spectral averaging (SI Appendix, Fig. S1 ).
Changes in Interhelical Hydrogen-Bonded Networks in the Meta
I/Meta II Equilibria in Native Membranes. Whereas UV-visible spectrophotometry determines the protonation state of the retinal Schiff base, FTIR difference spectroscopy can be used to follow the conformation of the receptor in the photoproduct equilibria. FTIR difference spectra photoproduct minus dark state of rhodopsin in native disk membranes are decomposed into a linear combination of Meta I and Meta II b H ϩ reference (basis) spectra, as shown in Fig. 3A , corresponding to inactive and active receptor states, respectively. This decomposition yields ⍜ FTIR as the fraction of the active conformation in the photoproduct equilibrium. Spectral decomposition was performed in the conformationally most sensitive spectral region between 1,800 and 1,600 cm Ϫ1 (marked in green). This range comprises the amide I vibrations of the protein backbone and the CAO stretch of protonated carboxylic acids Glu-122 and Asp-83, which are involved in hydrogen-bonded networks between H3 and H5 and between H1, H2, and H7, respectively (11, (23) (24) (25) , and are sensitive markers for the conformational changes during receptor activation (12, (26) (27) (28) .
The titration curve follows a regular Henderson-Hasselbalch function at 10°C but not at higher temperature, where the alkaline endpoint value, ⍜ FTIR alk , is different from zero ( Table S1 .
Rhodopsin Activation in Synthetic 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine (POPC) Membranes. We also extended the experiments to rhodopsin reconstituted into POPC membranes (Fig.  3C ), which differ from native disk membranes in the composition of both head groups and chains. These recombinant membranes reveal a generally similar titration scheme as native membranes, yet with drastic shifts in the associated equilibria, in agreement with previous studies (29, 30) . The presence of an alkaline plateau region in POPC membranes as observed here deviates from results of a previous study that used a considerably longer acquisition time of Ϸ60 s after illumination (31) , such that photoproduct instability might have distorted the data obtained at very alkaline pH. Interestingly, although the alkaline endpoint values in POPC recombinant membranes are only slightly lower, corresponding to shifts of the associated equilibrium constants by a factor of Ͻ2, the apparent pK a values of the titration curves are reduced by Ϸ1.5 units, corresponding to a downshift of the apparent protonation-dependent equilibrium constants by a factor of Ϸ30.
Protonated and Unprotonated Meta IIb Share a Similar Active State
Receptor Conformation. Neglecting the small contribution of Meta II a , the alkaline endpoint FTIR difference spectra represent primarily the transition from the dark state to the Meta I/Meta II b photoproduct equilibrium. In Fig. 4 , whereas, at 10°C and pH 9.5, the Meta I photoproduct with protonated Schiff base (blue) is formed. (C) Difference spectra for the photoproduct minus dark state obtained at 10°C reveal the pH dependence of the Meta I/Meta II bH ϩ equilibrium, which is completely on the side of Meta II bH ϩ at pH 5.0 and of Meta I at pH 9.0 and 10.0, as evident from the complete lack of absorption at 380 nm. (D) At 30°C, the equilibrium is not fully shifted to Meta I at alkaline pH; instead a 380-nm Meta II photoproduct contribution is observed at very alkaline pH, which becomes pH-independent at pH 9.0 and above. (E) Schiff base deprotonation (⍜ UV-vis) and, hence, the fraction of Meta II were determined from UV-visible difference spectra. At 10°C the titration curve follows a regular Henderson-Hasselbalch function, whereas, at higher temperature, the alkaline endpoint ⍜ UV-vis alk does not reach zero because of increasing population of the Meta II a and Meta IIb states.
positive band at 1,713 cm Ϫ1 and negative bands at 1,562 and 1,394 cm Ϫ1 (15) , which are small compared with the pronounced spectral changes of Asp-83, Glu-122, and Glu-113 (13, 26) , and are therefore not clearly resolved in this approximation.
Thermodynamic Parameters of the Meta I/Meta II Equilibria. The equilibrium constants K 1 , K 2 , and K 3 of the single equilibria (Fig.   1B ) can be expressed in terms of the experimental data ⍜ UV-vis and ⍜ FTIR as derived in SI Appendix, text. Free-energy changes were calculated at 37°C from ⌬G°i ϭ ϪRT ln K i , for the individual equilibria, with R being the gas constant and T the absolute temperature. This calculation indicates an increase of G°in disk membranes by Ϸ3.1 Ϯ 1.9 kJ⅐mol Ϫ1 in the transition from Meta I to Meta II a and a subsequent decrease by Ϫ3.7 Ϯ 1.6 kJ⅐mol Ϫ1 in the transition to Meta II b (4.6 Ϯ 2.3 kJ⅐mol Ϫ1 and Ϫ4.0 Ϯ 2.5 kJ⅐mol Ϫ1 , respectively, in POPC membranes). The large errors reflect the uncertainty in determining a precise value of the low amount of Meta II a present. Values of pK a3 of the Meta II b ϩ H ϩ % Meta II b H ϩ proton uptake reaction were determined to be 8.0 in native and 6.2 in recombinant POPC membranes (at 37°C). Note that pK a3 is different from the apparent pK a in the phenomenological Henderson-Hasselbalch description used above (see SI Appendix, text). This result yields a ⌬G°3of Ϫ48 Ϯ 2 kJ⅐mol Ϫ1 for disk membranes and Ϫ37 Ϯ 2 kJ⅐mol Ϫ1 for POPC membranes by using the solute standard state including the hydronium concentration. Furthermore, ⌬H°and ⌬S°values of the equilibria could not be obtained from the thermodynamic description of the full scheme because of the marginal population of Meta II a . We therefore used a reduced reaction scheme in which the transition from Meta I to Meta II b was treated as a single step with an equilibrium constant K 12 , neglecting the small contribution of Meta II a . The ⍜ UV-vis and ⍜ FTIR data were then merged and K 12 was obtained by a fit to the observables. The free-energy change was calculated as ⌬G°1 2 ϭ ⌬H°1 2 Ϫ T⌬S°1 2 ϭ ϪRT ln K 12 ϩ minus dark state FTIR difference spectra were obtained from rhodopsin in native disk membranes at 10°C at pH 9.5 and 20°C at pH 5.0, respectively, under identical conditions as in Fig. 2 A and B . By using the conformationally sensitive range marked in green, they served as basis spectra for inactive and active conformations, respectively, to determine the pH dependence of activating conformational changes. temperature range of the data between 20 and 37°C. Additionally, ⌬G°3 consists primarily of a negative enthalpic term corresponding to a decrease of pK a3 with increasing temperature. A more precise analysis is, however, precluded by large error margins imposed by the limited temperature range of the van't Hoff analysis.
Discussion
Activation Mechanism of Rhodopsin in Native Membranes. In this study we have investigated the role of the 2 protonation switches for the activation of rhodopsin in its native membrane environment in the physiologically relevant temperature range. With UV-visible spectroscopy, we monitored the internal proton transfer leading to disruption of the PSB salt bridge, whereas FTIR spectroscopy allowed us to follow the conformational rearrangement of transmembrane helical networks during receptor activation. Moreover, the pH dependence of the spectral changes allowed us to map these changes to the cytoplasmic proton uptake step by Glu-134. We show that, at lower temperatures, exclusive triggering of the PSB-Glu-113 switch is disfavored and depends on the enthalpically downhill cytoplasmic proton uptake by Glu-134. This assistance by the Glu-134 protonation switch previously was shown to be facilitated by an allosteric coupling mechanism depending on the C9-methyl group and the ␤-ionone ring of all-trans retinal (22, 27, 28, 32) . Coupling of the 2 protonation switches establishes the classical 2-state equilibrium between Meta I and protonated Meta II b H ϩ (16, 17) at 10°C and below. As a key result, we show that at higher temperatures the 2 switches become partially uncoupled, leading to population of the unprotonated Meta II b state (and a marginal population of Meta II a ), in which the PSB-Glu-113 salt bridge is broken, but cytoplasmic proton uptake by Glu-134 is absent (see Fig. 1 ).
Role of Glu-134 Protonation for Conformational Changes in Rhodopsin
Activation. Glu-134 is part of the conserved E(D)RY and, in the dark state, forms an intrahelical salt bridge with neighboring Arg-135 at the cytoplasmic terminus of H3 (Fig. 1 A) (23) (24) (25) . A similar intrahelical salt bridge is assumed to control activation of other GPCRs (33) and also is present in the recently solved adrenergic receptor structures (34) (35) (36) . Neutralization of position 134 in the E134Q rhodopsin mutant abolishes proton uptake during Meta II formation (14) and leads to pH-independent Meta II formation even in a membrane environment (15, 22) . In our studies on rhodopsin in membranes, both unprotonated Meta II b and protonated Meta II b H ϩ are shown to share a very similar active receptor conformation, despite their differing protonation states regarding the Glu-134 switch. This finding agrees with previous studies on detergent-solubilized rhodopsin, showing that activating movement of H6 require disruption of the PSB salt bridge (37) but are not per se dependent on proton uptake by Glu-134 (19) .
What, then, is the role of protonation of Glu-134? Protonation of Glu-134 is enthalpically downhill, as shown here and in previous studies (18) and renders more favorable an electrostatically unfavorable environment in the cytoplasmic H3/H6 microdomain. This view is supported by the pK a3 of 8.0 for the proton uptake reaction, which is substantially higher than the pK a Ͻ 5 of a carboxylate in solution. Such a hydrophobic environment could be created by a movement of Arg-135 away from Glu-134 in Meta II, in keeping with the recently solved structure of the active conformation of opsin (11) . Notably, in the native membrane environment, the proton uptake function of Glu-134 also is relevant at 37°C, where the pH-independent conformational equilibrium between Meta I and Meta II b is only halfway on the active side. From an energetic point of view, protonation of Glu-134 is therefore a prerequisite for complete receptor activation under physiological conditions. Glu-134 Protonation and Signal Transduction. Protonation of Glu-134 probably serves a dual role by additionally improving the binding of the activated receptor to the G protein. The E134Q mutation extends G protein activation of detergent-purified pigment into the alkaline range, although the detergent environment favors pH-independent Meta II formation already in the wild-type receptor (38) . This finding suggests that a protonated Glu-134 sidechain facilitates productive interaction with the G protein transducin. Fluorescence spectroscopy has further revealed the H3/H6 microdomain to contribute to the binding site of the C-terminal part of the G protein ␣-subunit (39) . Because this C-terminal part of transducin contains three potentially charged carboxylates, protonation of Glu-134 on the receptor side would reduce electrostatic repulsion or allow a repositioning of neighboring Arg-135 to provide for efficient binding.
Conclusions
We have analyzed the structural and thermodynamic roles of the 2 protonation switches that control activation of rhodopsin in its native membrane environment. We show that the transitions associated with disruption of the PSB salt bridge and proton uptake by the cytoplasmic ionic lock around Glu-134 become partially uncoupled under physiological conditions. This partial uncoupling allows formation of an entropy-stabilized Meta II state, in which the conformational changes associated with receptor activation have taken place despite the lack of protonation of Glu-134. Disruption of the salt bridge between the PSB and its complex counterion is therefore a structural prerequisite for the activating helix movements, whereas protonation of Glu-134 is a thermodynamic requirement for shifting the conformational equilibrium completely to the active Meta II conformation. Although the structural role of PSB salt-bridge disruption is similarly observed for rhodopsin in detergent (37) , the thermodynamic function of the second switch is not required in a detergent environment (19) because of a lowered enthalpy change in the transition to Meta II. Therefore, in native and synthetic membranes, a sequential destabilization of both salt bridges is required for full receptor activation. The similar structure of the intrahelical salt bridge in the DRY motif in the adrenergic receptor structures (34-36) suggests a similar thermodynamic role of this second switch in the activation of other members of the rhodopsin-like receptor family.
Materials and Methods
Sample Preparation. Rhodopsin in native hypotonically washed disk membranes was prepared from cattle retinae (Lawson) according to standard procedures (40) . For experiments on recombinant membranes, rhodopsin was purified in dodecyltrimethylammonium bromide detergent and reconstituted into synthetic POPC lipid membranes according to published procedures (41) . Experiments were performed with sandwich samples with 0.5 nmol of pigment (prepared as described in detail in ref. 21 ) by using 200 mM morpholinoethanesulfonic acid and bis-Tris propane buffer in overlapping pH ranges. FTIR Spectroscopy. FTIR difference spectroscopy was performed with a Bruker Vertex 70 spectrometer with a mercury-cadmium-telluride detector. IR spectra were recorded by using time-resolved rapid-scan FTIR spectroscopy with a spectral resolution of 4 cm Ϫ1 . An acquisition time of 6 s was used for the preillumination spectrum and a time of 240 ms for the single postillumination spectra. Alternatively, at 10 and 20°C, conventional FTIR difference spectroscopy was used with acquisition times of 12 s for preillumination spectra and between 1.5 and 12 s for postillumination spectra, depending on temperature and stability of the photoproduct states. In all experiments, thermal stability of the photoproduct states was confirmed in series of postillumination spectra (see SI Appendix, Fig. S1 ). Samples were photolyzed with an array of 6 ultrabright green ( max, 520 nm) 5-mm LEDs (Nichia) with nominal 16 candela at 20-mA current and 15°emission half angle. Illumination time was 100 ms at 100 mA in rapid scan experiments, by which Ϸ70% of rhodopsin was photolyzed. By using its fingerprint bands as spectral markers, the contribution of isorhodopsin to the photoproduct equilibria was found to be small under these conditions (Ϸ10% of that of Meta I). The resulting small overestimation of the Meta I contribution was accounted for in the calculation of ⌬G°values. In conventional FTIR experiments, illumination was 2 s at 20 mA, which led to complete photolysis. Spectral normalization was achieved by using the intense 1,237-cm Ϫ1 fingerprint mode of the dark state; contributions of overlapping buffer bands in this range were corrected as detailed previously (15) . FTIRbased titration curves were derived as described in ref. 27 . Reference spectra for Meta II bH ϩ and Meta I were obtained at 20°C at pH 5.0 and at 10°C at pH 9.5, respectively. Spectra obtained by conventional FTIR spectroscopy and by rapid-scan FTIR spectroscopy were evaluated separately by using separate sets of reference spectra acquired with the respective illumination protocol. POPC samples were evaluated with a separate set of basis spectra. In this case, the active-state basis spectrum was obtained from rhodopsin reconstituted in 1,2-dioleoyl-sn-glycero-3-phosphocholine, accounting for the difficulties in obtaining a pure Meta II spectrum in POPC.
UV-Visible Spectroscopy. UV-visible spectroscopy was performed with a Hewlett Packard 8453 diode array spectrometer using a neutral density filter with 10% transmission to minimize sample bleaching by the measuring beam. Spectral acquisition time was 1 s at 10 and 20°C and 200 ms at 30 and 37°C. Sample and illumination conditions were identical to the FTIR experiments. UV-visible-based titration curves and FTIR-based curves were calculated in similar ways by decomposing the measured UV-visible difference spectra into a linear combination of reference spectra for the transition to pure Meta I and Meta II states, respectively, obtained under conditions similar to those in the FTIR experiments.
